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ABSTRACT
Glis2isamemberoftheGli-similar(Glis)subfamilyof
Kru ¨ppel-like zinc finger transcription factors. It func-
tions as an activator and repressor of gene transcrip-
tion. To identify potential co-activators or co-
repressors that mediate these actions of Glis2, we
performed yeast two-hybrid analysis using Glis2 as
bait. C-terminal binding protein 1 (CtBP1) was identi-
fiedasoneoftheproteinsthatinteractwithGlis2.This
interaction was confirmed by mammalian two-hybrid
analysis.CtBP1didnotinteractwithothermembersof
the Glis subfamily suggesting that this interaction is
specific for Glis2. Pulldown analysis with GST-CtBP1
demonstrated that CtBP1 physically interacts with
Glis2. Analysis of CtBP1 and Glis2 deletion mutants
identified several regions important for this interac-
tion. CtBP1 repressed transcriptional activation
inducedbyGlis2(1–171).RepressionbyGlis2appears
to involve the recruitment of both CtBP1 and histone
deacetylase 3 (HDAC3). Confocal microscopic ana-
lysis demonstrated that Glis2 localized to nuclear
speckles while in most cells CtBP1 was found dif-
fusely in both cytoplasm and nucleus. However,
when CtBP1 and Glis2 were co-expressed, CtBP1
was restricted to nuclear speckles and co-localized
with Glis2. Our observations suggest that the co-
repressor CtBP1 and HDAC3 are part of transcription
silencing complex that mediates the transcriptional
repression by Glis2.
INTRODUCTION
Kru ¨ppel-like zinc ﬁnger proteins, named after the Drosophila
segmentation gene Kru ¨ppel, constitute a large superfamily of
transcription factors (1). Typically, these proteins contain two
or more Cys2-His2 type zinc ﬁngers that are separated by a
conserved consensus sequence, (T/S)GEKP(Y/F)X (2,3). Gli,
Zic and Glis proteins are members of three closely related
subfamilies of Kru ¨ppel-like zinc ﬁnger proteins (1,4–7).
These proteins contain a highly conserved zinc ﬁnger domain
consisting of ﬁve tandem Cys2-His2zinc ﬁnger motifs. The Gli
subfamily, which consists of the three mammalian proteins,
Gli1, Gli2 and Gli3, and the Drosophila homolog Cubitus
interruptus (Ci), is the best studied (1,7–9). Gli proteins
play a critical role in embryonic development and have
been implicated in several diseases, including cancer. The
transcriptional activity of Gli and Ci proteins is controlled
by the sonic hedgehog (Shh) signaling pathway.
The Gli-similar (Glis) subfamily contains three members
Glis1–3 (4,6,10–13). Glis2, also referred to as NKL, is a 56
kDa transcriptional regulator that is expressed in several adult
tissues, most abundantly in kidney. During embryonic devel-
opment Glis2 is expressed in a temporal and spatial manner
suggesting that Glis2 is involved in the regulation of gene
transcription at speciﬁc stages of development. During
metanephric development Glis2 mRNA is predominantly
expressed in the ureteric bud, precursor of the collecting
duct, and inductor of nephronic tubule formation (4). Glis2
regulates gene transcription by binding to Glis-response ele-
ments (GRE) containing the consensus sequence CCACCCA.
The N-terminus of Glis2 contains a transactivation and a
repressor function suggesting that Glis2 can act as a repressor
as well as an activator of transcription (4).
Little is known about the mechanisms by which Glis2 regu-
lates the transcription of target genes. Very probably transcrip-
tional regulation by Glis2 is mediated through interaction with
other nuclear proteins that function as co-repressors or co-
activators. In an attempt to identify proteins that interact
with and mediate the action of Glis2, we performed yeast
two-hybrid analysis with Glis2 as bait. This analysis identiﬁed
C-terminal binding protein 1 (CtBP1) as a putative
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doi:10.1093/nar/gki985Glis2-interacting protein. CtBP1 was initially identiﬁed as a
protein that interacts with the C-terminus of the adenoviral
transforming protein E1A (14,15). Vertebrates express two
closely related members, CtBP1 and CtBP2, which are
expressed inmany tissuesandplay an important roleinembry-
onic development (16). Subsequent studies have shown that
CtBPs can interact with a large number of transcriptional
repressors and other regulatory proteins, including BKLF,
Knirps, MEF2-interacting transcription repressor (MITR),
RIP140, HIC1 and Sox6 (14,15,17–20). CtBPs interact with
many of these proteins through a PXDLS consensus motif or a
degenerate version of this motif. However, not all interactions
withCtBPappeartoinvolve PXDLS-like motifs (19,21).CtBPs
functionastranscriptional co-repressors thattogetherwithother
proteins, including various histone deacetylases (HDACs), are
assembled in large gene silencing complexes (14,15).
In this study, we show that Glis2 is able to recruit CtBP1.
We characterize the interaction of Glis2 and CtBP1 and dem-
onstrate that CtBP1 physically interacts with Glis2 and
represses Glis2(1–171)- and Glis2(30–148)-induced transcrip-
tional activation. In addition to CtBP1, Glis2 is able to recruit
histone deacetylase HDAC3 into the repressor complex. In the
nucleus CtBP1 co-localizes with Glis2 in nuclear speckles,
regions of accumulation of transcriptional and mRNA splicing
factors. Our results suggest that CtBP1 is part of a co-repressor
complex that mediates transcriptional repression by Glis2.
MATERIALS AND METHODS
Plasmids
The plasmids pGBKT7, pGADT7, pM, pVP16 and pEGFP/C1
were purchased from BD Biosciences (Palo Alto, CA). The
reporter plasmid pFR-LUC, containing ﬁve copies of the Gal4
upstream-activating sequence (UAS) and referred to as
(UAS)5-LUC, was obtained from Stratagene (La Jolla, CA).
The Renilla luciferase reporter plasmid phRL-SV40 was pur-
chased from Promega (Madison, WI). The full-length coding
region of mouse CtBP1 was ampliﬁed by PCR using IMAGE
clone 5005681 as template. The PCR products were cloned
into the EcoRI and SalI sites of pGADT7. The various pM-
Glis2 deletion mutants, encoding Gal4(DBD) fused to various
regions of Glis2, and pVP16-CtBP1 mutants, encoding
Gal4(AD) fused with various regions of CtBP1, were gener-
ated by inserting different fragments obtained by PCR
ampliﬁcation into pM or pVP16. The point mutations
DL9AS (PLDLK!PLASK), DL80AS (LVDLS!LVASS),
DL380AS (PLDLS!PLASS), DL487AS (VLDLS!
VLASS), and the double and quadruple point mutations in
Glis2 were generated by a Quickchange site-directed muta-
genesis kit (Stratagene). pM-Glis1(D544) was described pre-
viously (6). pCMV-myc-CtBP1 expressing myc-CtBP1 fusion
protein was obtained by inserting full-length CtBP1 obtained
by PCR ampliﬁcation into the EcoRI and SalI sites of pCMV-
myc. The various pCMV-3XFlag-Glis2 constructs were gen-
erated by inserting different fragments of Glis2 obtained by
PCR ampliﬁcation into the EcoRI and XbaI sites of pCMV-
3XFlag-7.1 (Sigma, St Louis, MO). To generate pGEX-
CtBP1, full-length CtBP1 was ampliﬁed by PCR and inserted
into the EcoRI and NotI sites of pGEX5X-3 (GE Healthcare,
Piscataway, NJ). pEGFP-Glis2 was obtained by cloning
full-length Glis2 into pEGFP/C1. The sequences of all plas-
mids were veriﬁed by restriction enzyme analysis and DNA
sequencing analysis.
Yeast two-hybrid screening
The Gal4 yeast two-hybrid system was purchased from BD
Biosciences. Library screening was conducted according to
the manufacturer’s instructions. Brieﬂy, the bait construct
pGBKT7-Glis2 was generated by cloning the full-length
region into the EcoRI and SalI sites of pGBKT7. The
pGBKT7-Glis2 was transformed into Saccharomyces cerevi-
siae strain AH109(MATa). Yeast two-hybrid library screening
was carried out by the yeast-mating procedure using S.cere-
visiae Y187(MATa) pretransformed with a pACT2, E11
mouse embryo, MATCHMAKER cDNA library (BD
Biosciences). After mating, clones were selected on minimal
Synthetic Dropout medium (-Trp-Leu-His) containing 5 mM
3-amino-1,2,4-triazole (3AT). After sequencing the positive
clones, protein–protein interactions were independently con-
ﬁrmed by yeast two-hybrid analysis and b-galactosidase assay.
pGBKT7-p53, encoding Gal4(DBD)-p53, and pGADT7-
TD1-1, encoding the Gal4-activation domain fused to the
SV40 large T antigen, were used as a positive control in
yeast two-hybrid analysis.
Immuno-pulldown (IP) assay
CV-1 or CHO cells were transiently transfected with p3XFlag-
CMV, p3XFlag-CMV-Glis2, pEGFP-Glis2, p3XFlag-CMV-
HDAC3 or pCMV-myc-CtBP1, as indicated, using Fugene
6 transfection reagent (Roche, Indianapolis, IN). At 48 h
after transfection, cells were harvested and lysed in RIPA
buffer (Upstate, Charlottesville, VA) containing protease
inhibitor cocktails I and II (Sigma). The cell lysates were
centrifuged at 14000 r.p.m., 15000 g at 4 C for 10 min.
The supernatants were subsequently stored at  70 C. Flag-
Glis2 protein complexes were isolated using anti-Flag M2
afﬁnity resin according to the manufacturer’s instructions
(Sigma). The resin was washed three times with 0.6 ml
phosphate-buffered saline (PBS)/0.05% Tween 20. The
bound protein complexes were then solubilized in sample
buffer and analyzed by western blot analysis using mouse
anti-Flag M2 (Sigma), anti-myc (Invitrogen, Carlsbad, CA)
or anti-GFP (Miltenyi Biotec, Auburn, CA) antibodies.
In vitro pulldown assay
Escherichia coli Tuner(DE3) cells (Novagen, Madison, WI)
transformed with pGEX-CtBP1 or pGEX-5X-3 plasmid DNA
were grown at 37 C to mid-log phase, the synthesis of GST
proteins was then induced by the addition of isopropyl-b-D-
thiogalactopyranoside; 0.1 mM ﬁnal concentration) at 30 C.
After 3 h of incubation, cells were collected, resuspended in
BugBuster protein extraction reagent (Novagen) and incub-
ated as described by the manufacturer’s protocol. Cellular
extracts were then centrifuged at 15000 g, and the super-
natants containing the soluble GST proteins were collected.
Equal amounts of GST-CtBP1 proteins or GST protein
(Sigma) were incubated with glutathione–Sepharose 4B
beads and washed in PBS. [
35S]methionine-labeled Glis2
was obtained using the TNT Quick Coupled Transcription/
Translation system (Promega, Madison, WI). The GST- and
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35S]methionine-labeled Glis2 in 0.2 ml binding buffer
(20 mM Tris–HCl, pH 7.6, 100 mM KCl, 0.05% Nonidet
P-40, 0.1 mM EDTA, 10% glycerol and 1 mM phenyl-
methlysulfonyl ﬂuoride). After 1 h incubation at 4 C, beads
were washed ﬁve times in binding buffer and then boiled in
15 mlo f2 · SDS–PAGE loading buffer. Solubilized proteins
were then separated by 4–20% SDS–PAGE and the radio-
labeled proteins visualized by autoradiography.
Reporter gene assay
CHO, CV-1, COS-1 and 293HT cells were maintained in
DMEM/F-12 supplemented with 10% fetal bovine serum.
Cells were transfected with the reporter plasmids pFR-LUC
and phRL-SV40, and the pM and pVP16 expression plasmids
indicated, using Fugene 6 transfection reagent (Roche). Luci-
ferase activity was measured using the Dual-Luciferase 
Reporter Assay System from Promega (Madison, WI). All
transfections were performed in triplicate. Experiments
were carried out at least twice independently. To determine
equal expression of VP16-fusion proteins cell lysates were
examined by western blot analysis using an anti-VP16 anti-
body (BD Biosciences).
Subcellular localization
CHO, CV-1, COS-1 and 293HT cells were plated in glass-
bottom culture dishes (MatTek Corp., Ashland, MA) and 24 h
later transfected with pEGFP-Glis2 (0.2 mg) and/or pCMV-
myc-CtBP1 using Fugene 6 reagent. After 48 h, cells were
washed in PBS, ﬁxed in 4% paraformaldehyde, washed with
PBS. Cells were then permeabilized with 0.3% Triton X-100,
washed again with PBS, and subsequently incubated with
mouse anti-myc antibody. After 30 min incubation cells
were washed ﬁve times with PBS and then incubated for an
additional 30 min with secondary antibody (goat anti-mouse
Alexa 594). Cells were washed with PBS and nuclei stained
with 40-6-diamidino-2-phenylindole (DAPI). Fluorescence
was observed in a Zeiss LSM 510 NLO confocal microscope
(Zeiss, Thornwood, NY).
RESULTS
Identification of CtBP1 as a Glis2-interacting protein
Previous studies have shown that Glis2 can function as a
repressor and activator of transcription (4). As reported for
other transcription factors, this transcriptional regulation is
probably mediated through interaction with other nuclear pro-
teins that function either as co-repressors or co-activators. To
identify proteins that mediate or modulate the transcriptional
activity of Glis2, we performed yeast two-hybrid analysis
using full-length Glis2 as bait and an E11 mouse embryo
cDNA library as prey. This yeast two-hybrid analysis yielded
30 positive clones, 6 of which were identiﬁed as CtBP1 after
DNA sequencing.
To conﬁrm this interaction, yeast strains AH109(MATa)
and Y187(MATa) were transformed with pGBKT7-Glis2 or
pGADT7-CtBP1, respectively, mated and the transformants
selected at 30 C on -Leu-Trp plates and -Leu-Trp-His+3AT
plates. Only yeast that contain bait and interacting prey, are
able to grow on -Leu-Trp-His(+3AT) plates. As shown in
Figure 1A, only yeast expressing both Gal4(DBD)-Glis2
and Gal4(AD)-CtBP1 fusion proteins were able to grow on
-Leu-Trp-His(+3AT) plates. Yeast expressing pGBKT7-53
and pTD1-1 were used as a positive control and also grew
on -His(+3AT) plates (Figure 1A). Colonies isolated from -
Leu-Trp-His(+3AT) plates were grown in liquid culture and
assayed for b-galactosidase activity. As shown in Figure 1B,
only yeast colonies containing both Gal4(DBD)-Glis2 and
Gal4(AD)-CtBP1 fusion proteins and the positive control
expressed high b-galactosidase activity. These observations
support the conclusion that Glis2 and CtBP1 interact with
each other.
Mammalian two-hybridandimmuno-pulldown analysis
The interaction between Glis2 and CtBP1 was conﬁrmed by
mammalian two-hybrid analysis. CHO cells were co-
transfected with (UAS)5-LUC reporter, pM or pM-Glis2,
encoding the fusion protein Gal4(DBD)-Glis2, in the
presence of increasing amounts of pVP16-CtBP1, as indicated
(Figure 2A). Co-expression of VP16-CtBP1 increased
reporter activity in a dose-dependent manner owing to the
interaction of CtBP1 with Glis2 (Figure 2A). These observa-
tions are consistent with the results obtained by yeast two-
hybrid analysis and support the conclusion that also in
mammalian cells Glis2 and CtBP1 are able to interact with
each other.
Figure 1. Identification of CtBP1 as a Glis2-interacting protein by yeast two-
hybridanalysis.(A)Yeaststrainsharboringtheplasmidsindicatedweregrown
on-Leu-Trporon-His-Leu-Trpplatessupplementedwith5mM3AT.Allyeast
strainsgrewon-Leu-Trpplates;however,onlyyeastcontainingbothpGBKT7-
Glis2 and pGADT7-CtBP1 were able to grow on -His-Leu-Trp plates contain-
ing5mM3AT.YeastcontainingpGBKT7-p53andpGADT7-TD1-1wereused
as a positive control. (B) Yeast was grown in -His-Leu-Trp liquid medium
supplemented with 5 mM 3AT and then assayed for b-galactosidase activity.
Three different colonies from each original plate were analyzed. E, indicates
empty pGBKT7 or pGADT7 vector was used.
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by immuno-pulldown analysis. For this purpose, CV-1 cells
were co-transfected with pCMV-myc-CtBP1 and p3XFlag-
CMV(empty) or p3XFlag-CMV-Glis2 expression plasmids
and 48 h later, cell extracts were prepared. One half of
each protein extract was used for western blot analysis, the
other half for the isolation of Flag-Glis2 protein complexes
using anti-Flag M2 afﬁnity resin. Western blot analysis shows
that the anti-Flag antibody recognized two bands representing
full-length Flag-Glis2 and a smaller, proteolytically processed
form of Glis2. Proteolytic cleavage has also been reported for
the closely related Ci and Gli proteins (8,9). The functional
signiﬁcance of the processing of Glis2 has yet to be determ-
ined. As shown in Figure 2B, Flag-Glis2 was able to pulldown
CtBP1 whereas control cells containing p3XFlag-CMV-
(empty) did not. These observations are consistent with the
concept that Glis2 is able to recruit CtBP1 and are in agree-
ment with the results obtained by two-hybrid analysis.
In a number of instances protein–protein interactions are
greatly dependent on the cell type used. We, therefore,
examined the interaction of Glis2 and CtBP1 in several cell
types. Mammalian two-hybrid analysis demonstrated that
although the induction of reporter activity was highest in
CHO cells, the interactionofGlis2with CtBP1was not limited
to CHO cells but was also observed in several other cell lines,
including CV-1, COS-1 and 293HT cells (Figure 2C). The
lowest induction in reporter activity was observed in
293HT and COS-1 cells. The observed variation in reporter
activity between cell types is interesting and could be due to
many factors, including competition of other nuclear proteins
with CtBP1 for Glis2 binding and differences in posttransla-
tional modiﬁcation(s) of either Glis2 or CtBP1.
Specificity of the interaction between Glis2 and CtBP1
Glis2 together with Glis1 and Glis3 constitute the Glis sub-
family of Kru ¨ppel-like zinc ﬁnger proteins (10,13,22–24). The
zinc ﬁnger domain of Glis2 exhibits 68% homology with those
of Glis1 and Glis3 while these proteins exhibit low homology
outside their zinc ﬁnger domain. To determine whether CtBP1
interacted with other Glis family members, we examined their
possible interaction by mammalian two-hybrid and immuno-
pulldown analysis. As shown in Figure 3A, mammalian two-
hybrid analysis indicated that CtBP1 did not interact with
Glis1 or Glis3 suggesting that the interaction is speciﬁc for
Glis2. This was conﬁrmed by immuno-pulldown analysis;
only Glis2 was able to pulldown CtBP1 (Figure 3B).
CtBP1 interacts with Glis2 in vitro
To determine whether CtBP1 physically interacts with Glis2,
we performed in vitro pulldown analysis using GST-CtBP1
and [
35S]-labeled Glis2. GST-CtBP1 bound to glutathione–
Sepharose beads was incubated with [
35S]-labeled Glis2 and
GST-CtBP1proteincomplexesexaminedbyPAGE.As shown
in Figure 4, GST-CtBP1 was able to bind radiolabeled Glis2
while in the control, GST did not pulldown Glis2. Moreover,
GST-CtBP1 protein did not pulldown radiolabeled Glis3.
Although we cannot totally rule out that the interaction
between CtBP1 and Glis2 involves another protein, these res-
ults strongly suggest that CtBP1 and Glis2 physically interact
with each other and that the interaction is speciﬁc. These
Figure 2. AnalysisoftheinteractionbetweenGlis2andtheco-repressorCtBP1
by mammalian two-hybrid and immuno-pulldown analysis. (A) Mammalian
two-hybrid analysis. CHO cells were co-transfected with (UAS)5-LUC, phRL-
SV40,pM,pVP16,pM-Glis2,andincreasingamounts(mg)ofpVP16-CtBP1as
indicated. Cells were assayed for reporter activity 48 h after transfection. The
relative LUC activity was calculated and plotted. (B) Immuno-pulldown ana-
lysis. CV-1 cells were co-transfected with p3XFlag-CMV-Glis2, pCMV-myc-
CtBP1, p3XFlag-CMV, and pCMV-myc as indicated in the graph. Cell lysates
were prepared and Flag-Glis2 protein complexes isolated using anti-Flag M2
agarose affinity resin as described in Materials and Methods. Proteins in the
cellular lysates and immunoprecipitated (IP) proteins were subsequently ex-
aminedbywesternblot(WB)analysisusinganti-FlagM2oranti-mycantibody.
(C) Glis2 interacts with CtBP1 in different cell types. CHO, CV-1, 293HT and
COS-1 cells were co-transfected with (UAS)5-LUC, phRL-SV40, pM, pVP16,
pM-Glis2, pVP16 and pVP16-CtBP1 as indicated. Cells were assayed for
reporter activity 48 h after transfection and the relative LUC activities calcu-
lated and plotted.
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two-hybrid and immuno-pulldown analyses (Figures 2 and 3).
Effect of various deletions in CtBP1 on its interaction
with Glis2
To obtain insight into the region(s) in CtBP1 important for
its interaction with Glis2, we examined the effect of several
deletions in CtBP1 on the interaction of Glis2 by mammalian
two-hybrid analysis. For this purpose, CHO cells were co-
transfected with (UAS)5-LUC, phRL-SV40, pM-Glis2 and
pVP16 containingfull-length CtBP1orseveral CtBP1deletion
mutants. Figure 5 shows the effect of various deletions on the
interaction of CtBP1 with Glis2. This analysis indicated that
deletion of 70 amino acids at the N-terminus or deletion of
153 or 240 amino acids at the C-terminus each abolished the
Figure 3. Interaction between Glis proteins and CtBP1 is specific for Glis2.
(A)Mammaliantwo-hybridanalysis.CHOcellsweretransfectedwith(UAS)5-
LUC,phRL-SV40,pM-Glis1,pM-Glis2,pM-Glis3,pVP16,pVP16-CtBP1and
pVP16-CtBP2. Reporter activity was assayed 48 h after transfection and the
relative LUC activity calculated and plotted. (B) Immuno-pulldown analysis.
CV-1 cells were transfected with p3XFlag-CMV-Glis1, p3XFlag-CMV-Glis2,
p3XFlag-CMV-Glis3, pCMV-myc-CtBP1, p3XFlag-CMV and pCMV-myc as
indicated.CelllysateswerepreparedandFlag-Glis2proteincomplexesisolated
using anti-Flag M2 affinity resin as described in Materials and Methods.
Proteins in the cellular lysates and immunoprecipitated (IP) proteins were
subsequently examined by Western blot (WB) analysis using anti-Flag M2
or anti-myc antibody. Asterisk indicates the position of the different Flag-
Glis fusion proteins (Glis1, 84.3 kDa; Glis2, 55.8 kDa; Glis3, 83.8 kDa).
Figure 4. CtBP1 interacts directly with Glis2. GST and GST-CtBP1 fusion
proteins were bound to glutathione–Sepharose 4B beads and then incubated
with [
35S]methionine-labeled Glis2 or Glis3. After 1 h incubation, beads were
washed extensively and bound proteins solubilized and examined by PAGE.
Radiolabeled proteins were visualized by autoradiography. Lane 1 and 2, 5%
input of radiolabeled Glis2 (asterisk) and Glis3 (double asterisk), respectively;
lanes 3 and 4, radiolabeled protein retained by GST; lane 5 and 6, protein
retainedbyGST-CtBP1.ResultsshowthatonlyradiolabeledGlis2wasretained
by GST-CtBP1.
Figure 5. EffectofvariousdeletionsinCtBP1onitsinteractionwithGlis2.The
reporter plasmids (UAS)5-LUC and phRL-SV40 were co-transfected with
pM-Glis2 and various pVP16-CtBP1 deletions mutants (A) in CHO cells, as
indicated in the graph. After 48 h, cells were assayed for luciferase reporter
activities as described in Materials and Methods. The relative reporter activity
was calculated and plotted (B). The level of each CtBP1 fusion protein in total
cellular extract was examined by western blot analysis with an anti-VP16 anti-
body (C). Data are means ± SEM of triplicate samples. FL, full-length CtBP1.
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amino acids at the C-terminus had little effect. These results
suggest that two regions within CtBP1, the ﬁrst 70 amino acids
at the N-terminus and the region from amino acid 288 to 360,
are required for its interaction with Glis2.
Effect of various deletions in Glis2 on its interaction
with CtBP1
To determine what region of Glis2 was necessary for its inter-
action with CtBP1, we examined the effect of various dele-
tions on the ability of Flag-Glis2 to bind myc-CtBP1 in
immuno-pulldown analysis. These results showed that the
N-terminal regions from 1 to 143 and from 1 to 200 as
well as the C-terminal regions from 170 to 520 and 324 to
520 of Glis2 were able to pulldown myc-CtBP1 (Figure 6A
and B). In contrast, the middle regions 83–323 and 170–323,
which contain the zinc ﬁnger domain, did not pulldown myc-
CtBP1. These results indicate that CtBP1 can interact with
both the N- and C-terminus of Glis2 whereas the zinc ﬁnger
domain of Glis2 is not required. This conclusion was suppor-
ted by mammalian two-hybrid analysis using pM-Glis2, sev-
eral pM-Glis2 deletion mutants and VP16-CtBP1 (Figure 6C).
Both pM-Glis2(1–323) and pM-Glis2(164–520), containing
the N-terminus and C-terminus, respectively, enhanced
pVP16-CtBP1-dependent transcriptional activation of the
luciferase reporter whereas pM-Glis2(170–323) did not. How-
ever, the level of reporter activity generated by both Glis2-
(1–323) and Glis2(164–520) was reduced compared with that
by full-length Glis2 suggesting that both regions are necessary
foroptimal interaction.These resultsshowthatboththeN-and
C-terminus play a role in the interaction of Glis2 with CtBP1
whereas the zinc ﬁnger domain is not required. These ﬁndings
are in agreement with those obtained by immuno-pulldown
analysis.
CtBP1 interacts with many proteins through the CtBP-
binding signature sequence motif PXDLS or a very similar
sequence. In many instances, deletion or mutation of a single
critical PXDLS motif abrogates the interaction with CtBP1
and causes loss of the functional consequences of CtBP1 asso-
ciation. Examination of the Glis2 sequence identiﬁed one
PXDLS consensus sequence at
378PLDLS (P3) and three
degenerate PXDLS sequences at
7PLDLK (P1),
78LVDLS
(P2) and
485VLDLS (P4). Immuno-pulldown analysis demon-
strated that both Flag-Glis2(1–382), which lacks P4, and
Flag-Glis2(1–377), which lacks both P3 and P4, were able
to pulldown myc-CtBP1 in agreement with the conclusion
that the P3 and P4 motifs of Glis2 are not essential for the
recruitment of CtBP1 (Figure 7A). Moreover, two-hybrid
analysis (Figure 6C) demonstrated that Glis2(1–323), lacking
P3 and P4, and Glis2(164–520), lacking P1 and P2, are able to
interact with CtBP1 indicating that these PXLDS-like motifs
are not an absolute requirement for Glis2 to interact with
CtBP1. Toanalyzefurther the roleofthesePXDLS-like motifs
in the interaction of Glis2 with CtBP1, the effects of DL!AS
mutations, introduced by site-directed mutagenesis, on the
interaction was examined by mammalian two-hybrid analysis.
This analysis showed that although each mutation (Mt1 to
Mt4) caused a substantial reduction in the transcriptional
activation of the LUC reporter, all Glis2 mutants were still
able to signiﬁcantly increase reporter activity (Figure 7B). The
double mutations Mt1,2 and Mt3,4 caused a further reduction
in transactivation while the quadruple mutation Mt1-4 totally
abolished transactivation. Results obtained by immuno-
pulldown analyses showed that Mt1,2 and Mt3,4 reduced
Figure 6. (A)EffectofvariousdeletionsinGlis2onitsinteractionwithCtBP1.
CV-1 cells were transiently transfected with pCMV-myc-CtBP1 and p3XFlag-
CMV-7.1containingvariousGlis2deletionmutants.(B)At48haftertransfec-
tion, protein lysateswere preparedasdescribed in Materialsand Methods.One
part was used in western blot (WB) analysis using anti-Flag M2 (upper panel)
or anti-Myc antibodies (middle panel). The remaining was used in immuno-
pulldown(IP)assayusinganti-FlagM2affinityresin.Boundproteinswerethen
examined by western blot analysis using anti-Myc antibody (lower panel).
Lane 1, Flag-Glis2(1–143); lane 2, Flag-Glis2(1–200); lane 3, Flag-Glis2
(83–323); lane 4, Flag-Glis2(170–323); lane 5, Flag-Glis2(323–520); lane 6,
Flag-Glis2(170–520); lane 7, Flag-Glis2(full-length). (C) Mammalian two-
hybrid analysis. CHO cells were transfected with (UAS)5-LUC (0.1 mg),
pM-Glis2 (FL), or pM-Glis2(1–325), pM-Glis2(170–323), pM-Glis2(164–
520) deletion mutant constructs (0.1 mg), phRL-SV40 (5ng), and pVP16 or
pVP16-CtBP1 (0.1 mg) as described in Materials and Methods. Reporter ac-
tivitywasdeterminedandrelativeLUCactivityplotted.Dataaremeans ± SEM
of triplicate samples.
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down by Glis2 containing the quadruple mutation (Figure 7C)
in agreement with the data shown in Figure 7B. These obser-
vations indicate that although single mutations do not block
the recruitment of CtBP1 by Glis2, the quadruple mutation
totally abolishes the interaction of Glis2 with CtBP1. These
results suggest that these PXDLS-like motifs are necessary for
optimal interaction of Glis2 with CtBP1.
CtBP1 inhibits Glis2-mediated transcriptional
activation
Previous studies showed that Glis2 contains a transactivation
domain at its C-terminus between amino acids 30 and 148 (4).
In 293HT cells, Gal4(DBD)-Glis2(1–171) and Gal4(DBD)-
Glis2(30–148) cause, respectively, a 3.5- and 90-fold increase
in UAS-dependent transcriptional activation of the luciferase
reporter (Figure 8A and B). To analyze the effect of CtBP1 on
Figure 7. Role of PXDLS-binding motifs in the recruitment of CtBP1 by
Glis2. (A) Immuno-pulldown analysis. CV-1 cells were co-transfected with
p3XFlag-CMV-7.1,pCMV-myc-CtBP1andseveralp3XFlag-CMV-Glis2mu-
tants as indicated.One half of the lysates were examinedby western blot (WB)
analysis. The other half was subjected to immunoprecipitation with anti-Flag
M2 agarose affinity resin (IP: Flag) and bound proteins examined by western
blot analysis with anti-myc antibody. (B) Effect of point mutations in the four
PXDLS-like motifs (P1–P4) on the recruitment of CtBP1 by Glis2. CHO cells
were transiently transfected with (UAS)5-LUC, phRL-SV40, pVP16 or
pVP16-CtBP1, and various pM-Glis2 mutants (Mt1 to Mt4, Mt1,2, Mt3,4
and Mt1-4). At 48 h after transfection, cells were assayed for reporter activity.
The relative LUC activity was calculated and plotted. (C) CV-1 cells were co-
transfected with pCMV-myc-CtBP1 and several p3XFlag-CMV-Glis2 (FL) or
several p3XFlag-CMV-Glis2 mutants (Mt1,2, Mt3,4 and Mt1–4) as indicated.
One half of the lysates were examined by western blot analysis. The other half
was subjected to immunoprecipitation with anti-Flag M2 agarose affinity resin
(IP: Flag)and boundproteins examinedby westernblot analysiswith anti-myc
antibody.
Figure 8. (A) CtBP1 suppressed Glis2(1–171)-mediated transcriptional acti-
vation. 293HT cells were co-transfected with (UAS)5-LUC, phRL-SV40, pM,
pM-Glis2(1–171),andincreasingamountsofpCMV-myc-CtBP1(0–0.4mg)as
indicated. (B) CtBP1 inhibited Glis2(30–148) but not Glis1DN544 induced
transactivation. 293HT cells were co-transfected with (UAS)5-LUC, phRL-
SV40, pM, pM-Glis2(30–148) or pM-Glis1DN544, and pCMV-myc-CtBP1
(0.2 mg) as indicated. At 48 h after transfection, cells were assayed for LUC
reporter activities. The relative LUC activity was calculated and plotted.
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pM-Glis2(1–171) or pM-Glis2(30–148), (UAS)5-LUC, and
pCMV-myc-CtBP1. As shown in Figure 8A, CtBP1 was
able to inhibit Glis2-mediated transcriptional activation in a
dose-dependent manner. CtBP1 also inhibited the transcrip-
tional activation induced by Glis2(30–148) (Figure 8B). These
observations suggest that CtBP1 functions as a co-repressor
for Glis2. Glis1DN544 induced UAS-dependent transcrip-
tional activation of the luciferase reporter about 13-fold.
This activation was not signiﬁcantly inhibited by CtBP1 sug-
gesting that the inhibition is speciﬁc for Glis2 and not an effect
on the general transcriptional machinery.
Glis2 is able to recruit both CtBP1 and HDAC3
Repression by transcriptional regulators is mediated through
the recruitment of co-repressor complexes that include pro-
teins with histone deacetylase activity. In this study, we
examined whether HDAC3 is part of the Glis2-CtBP1 repres-
sor complex. CHO cells were co-transfected with p3XFlag-
CMV, pEGFP-Glis2, p3XFlag-CMV-HDAC3 or pCMV-myc-
CtBP1, as indicated, and the interaction between HDAC3,
Glis2 and CtBP1 examined by immuno-pulldown analysis.
In cells co-transfected withp3XFlag-CMV-HDAC3and either
pEGFP-Glis2 or pCMV-myc-CtBP1, HDAC3 was able to
recruit Glis2 but not CtBP1 (Figure 9). However, HDAC3
was able to pulldown CtBP1 in cells co-expressing Glis2.
These results indicate that the recruitment of CtBP1 by
HDAC3 is dependent on the presence of Glis2. These obser-
vations suggest that Glis2 is able to recruit both HDAC3 and
CtBP1 into the same protein complex and are in agreement
with the concept that CtBP1 and HDAC3 are involved in
mediating the transcriptional silencing by Glis2.
Glis2 and CtBP1 co-localize in the nucleus
To study the subcellular localization of Glis2 and CtBP1, we
expressed EGFP-Glis2 and myc-CtBP1 fusion proteins in
CHO cells either alone or together and examined their local-
ization by confocal microscopy (Figure 10A). Analysis of
CHO cells transfected with pEGFP-Glis2 only showed that
EGFP-Glis2 localized predominantly to the nucleus in 92%
of the cells while in the other 8% Glis2 was found about
equally in both cytoplasm and nucleus (Table 1). In the nuc-
leus, Glis2 was distributed in a speckled pattern and was
excluded from the nucleoli in agreement with previous
observations (4). In CHO cells transfected with pCMV-
myc-CtBP1 only, 83% of the transfected cells expressed
myc-CtBP1 about equally in both nucleus and cytoplasm,
in 9% of the cells it was present predominantly in the nucleus,
and in the remaining 8% predominantly in the cytoplasm
(Table 1). In most nuclei CtBP1 was expressed rather dif-
fusely. In CHO cells co-expressing Glis2 and CtBP1, the dis-
tribution of Glis2 did not change signiﬁcantly; however,
CtBP1 became localized mostly to the nucleus in 71% of
cells (Table 1). In addition, the pattern of distribution of
CtBP1 in the nucleus changed from a diffused to a speckled
pattern. The speckled pattern observed for CtBP1 overlapped
Figure 9. Glis2 recruits CtBP1 and HDAC3. CHO cells were co-transfected
with p3XFlag-CMV7.1, pEGFP-Glis2, p3XFlag-CMV-HDAC3 or pCMV-
myc-CtBP1, as indicated. One part of the protein extracts was analyzed by
western blot analysis (WB) for expression of EGFP-Glis2, Flag-HDAC-3 and
myc-CtBP1. The other half was used for immuno-pulldown analysis as de-
scribedinMaterialsandMethods.Proteinsboundtoanti-FlagM2affinityresin
were analyzed by western blot analysis using anti-GFP or anti-myc antibodies
(Flag-IP/WB). B
A
Figure 10. CtBP1co-localizeswithGlis2inthenucleus.(A)COS-1cellswere
transfected with a pEGFP-Glis2 (upper panels) or pCMV-myc-CtBP1 (middle
panels) expression plasmids or co-transfected with both plasmids (lower
panels). At 48 h later, expression of EGFP-Glis2 and myc-CtBP1 fusion pro-
teins was visualized by fluorescence confocal microscopy as described in
Materials and Methods. Myc-CtBP1 was detected by incubating cells with
mouse anti-myc and subsequently with Alexa Fluor  594 goat anti-mouse
antibodies. Nucleus was identified by DAPI staining. (B) Co-localization of
Glis2 and CtBP1 in CV-1 and COS-1 cells. Cells were co-transfected with
pEGFP-Glis2 and pCMV-myc-CtBP1 and then processed as described
under (A).
6812 Nucleic Acids Research, 2005, Vol. 33, No. 21with that of Glis2 indicating that CtBP1 and Glis2 co-localize
to the same protein complexes in the nucleus. The co-
localization of Glis2 and CtBP1 was also observed in other
cell lines, including CV-1 and COS-1 cells (Figure 10B). In
both cell types, Glis2 and CtBP1 localized to the nucleus and
exhibited a speckled pattern that mostly overlapped.
DISCUSSION
Members of the Gli and Glis subfamilies contain multiple
domains that regulate their localization, proteolytic processing
and transcriptional activity (4,6,9,10,25,26). However, little is
still know about the genes that are regulated by these tran-
scription factors. The N-terminus of Glis2 contains a trans-
activation and a repressor function suggesting that Glis2 acts
as a repressor as well as an activator of transcription (4). In a
number of cell types expression of full-length Glis2 has been
shown to repress GRE-mediated transcription. Whether Glis2
can function as a transcriptional activator and by what mech-
anism that regulates such activation has yet to be established.
Regulation of gene expression by transcription factors is medi-
ated through interactions with other nuclear proteins (27). This
involves the recruitment of either co-activator and co-
repressor complexes that contain histone acetylase or deace-
tylase activity, respectively. HDACs induce compactation of
chromatin and repression of gene expression while histone
acetylases induce decompactation of the chromatin and
increased transcription of the target gene. The co-activator
CBP has been shown to mediate the transcriptional activation
by Ci, Gli3 and Gli2 (22,28,29). In many Kru ¨ppel-like zinc
ﬁnger proteins transcriptional repression has been reported to
involve speciﬁc repressor domains such as the Kru ¨ppel-asso-
ciated box (KRAB) and SCAN domain (30,31). KRAB is an
evolutionary conserved motif of 75 amino acids that can be
found at the N-terminus of  30% of the Kru ¨ppel-like zinc
ﬁnger proteins. This region has been shown to mediate repres-
sion by recruiting co-repressor complexes. For example, the
transcriptional repression by the Kru ¨ppel-like zinc ﬁnger pro-
teins KRAZ1andKRAZ2hasbeen reportedtoinvolve recruit-
mentof theco-repressor TIF1totheir KRABrepressordomain
(32). However, the repressor domain identiﬁed in Glis2 does
not show any homology with KRAB or SCAN and appear to
represent a novel repressor function.
Thus far no proteins have been identiﬁed that mediate the
transcriptional activity of Glis2. Therefore, yeast two-hybrid
analysis was used to identify proteins that interact with Glis2
and mediateits transcriptional activity. This analysis identiﬁed
CtBP1 as a putative Glis2-interacting protein. This was sup-
ported by mammalian two-hybrid and immuno-pulldown ana-
lysis while in vitro pulldown analysis using GST-CtBP1
indicated that CtBP1 and Glis2 physically interact. The inter-
action was shown to be speciﬁc for Glis2 and CtBP1 since
Glis1 and Glis3 did not interact with CtBP1. The zinc ﬁnger
region of Glis proteins is highly conserved while Glis proteins
exhibit little sequence homology outside their zinc ﬁnger
domain. Since the zinc ﬁnger domain of Glis2 is not involved
in the interaction with CtBP1, it may not be surprising that the
interaction of CtBP1 is speciﬁc for Glis2.
Analysis of Glis2 protein expression in several cell types
demonstrated that in >90% of the cells Glis2 is restricted
largely to the nucleus where it is expressed in a speckled
pattern in agreement with previous observations (4). The
lack of transcriptional activation is therefore not due to reten-
tion of Glis2 to the cytoplasm as reported for Gli but inherent
to the repressor activity of Glis2. CtBP1 was found to be
diffusely expressed in both cytoplasm and nucleus. However,
when CtBP1 and Glis2 are co-expressed, CtBP1 is largely
localized to the nucleus and restricted to nuclear speckles,
regions of accumulation of transcriptional and mRNA splicing
factors, where it co-localizes with Glis2. These observations
are in agreement with the conclusion that Glis2 and CtBP1
interact and are part of the same nuclear protein complex.
CtBP1, which was initially identiﬁed through its ability to
bind the C-terminus of the adenoviral transforming protein
E1A, has been reported to interact with many different pro-
teins believed to be involved in transcriptional silencing
(14,15). These include the MITR, the tumor suppressor
gene HIC1, HDACs, histone methyltransferases, the co-
repressor RIP140 and the zinc ﬁnger protein Ikaros
(10,18–20,33). Although the precise mechanisms by which
CtBP1 mediates transcriptional repression has not been totally
established, it appears to involve dimerization and recruit-
ment of class I and class II HDACs, as well as of other
proteins. But HDAC-independent mechanisms have also
been identiﬁed (15). As mentioned above, full-length Glis2
acts as a transcriptional repressor in several cell types; how-
ever, Glis2(1–171) and Glis2(30–148) can induce transcrip-
tion (Figure 8). We show that CtBP1 can effectively repress
this transcriptional activation. The recruitment of CtBP1 by
Glis2 together with the observed repression of Glis2-induced
transcription suggests that CtBP1 functions as a co-repressor
that mediates the transcriptional repression by Glis2. Since
HDACs have been found to be part of CtBP1 gene silencing
complexes, we examined the interaction between Glis2,
CtBP1 and HDAC3. Our results show that HDAC3 was
able to bind Glis2 in the absence of CtBP1. Interestingly,
the recruitment of CtBP1 by HDAC3 was dependent on
the presence of Glis2. These results suggest that Glis2 is
able to recruit both HDAC3 and CtBP1 into the same protein
complex and support the concept that the recruitment of both
the co-repressor CtBP1 and HDAC3 are involved in the repre-
ssion of transcription by Glis2. The observed interaction
between Glis2 and HDAC3 in the absence of exogenous
CtBP1 may suggest that Glis2 is able to repress transcription
through a HDAC-dependent mechanism that may involve
co-repressors other than CtBP1.
Table 1. Glis2 expression enhances the nuclear localization of CtBP1
Transfected-1 cells EGFP-Glis2 myc-CtBP1
%C %N %C + N% C% N% C + N
EGFP-Glis 0 92.0 8.0 — — —
myc-CtBP1 — — — 8.0 9.0 83.0
EGFP-Glis2 + myc-CtBP1 0 94.0 6.0 2.0 71.0 27.0
ExperimentwascarriedoutasdescribedinthelegendofFigure10A.Randomly,
100 cells were selected and the subcellular localization of CtBP1 or Glis2
determined. The percentage of cells containing Glis2 (EGFP fluorescence)
or CtBP1 (Alexa Fluor  594 fluorescence) predominantly in the nucleus
(%N), cytoplasm (%C) or both (%N + C) was calculated. In the case of
COS-1 cells co-transfected with both pEGFP-Glis2 and pCMV-myc-CtBP1,
only cells were counted that contained both Glis2 and CtBP1.
Nucleic Acids Research, 2005, Vol. 33, No. 21 6813In many instances PXDLS or a degenerate PXDLS motif is
the primary determinant for CtBP binding; however, certain
CtBP partner proteins do not contain recognizable PXDLS
motifs or these motifs do not appear to be important for the
interaction (15,34). For example, the zinc ﬁnger protein Tram-
track69 contains a PPDLS motif that is not required for bind-
ing CtBP1 (21). HDAC5 contains a related motif (PVELR)
that is dispensable for CtBP interaction (23). In these cases
other contacts are made and other (nonpocket) regions of CtBP
may be involved in the interaction. Deletion mutant analysis
showed that the interaction of Glis2 with CtBP1 is complex.
Both the amino- and carboxyl-terminus of Glis2 are able to
interact with CtBP1 while both the amino-terminus and the
region between A
288 and T
360 of CtBP1 are essential for its
interaction with Glis2. The ﬁrst 200 amino acids at the amino-
terminus of CtBP1 have been previously implicated in the
recognition of the PXDLS motif while deletion of the
carboxyl-terminus greatly diminishes the interaction with
Ikaros (33). We show that individual point mutations in the
four potential PXDLS motifs of Glis2 reduced the interaction
with CtBP1 but did not block the interaction. However, the
Glis2 mutant in which all four motifs were mutated, did not
interact with CtBP1. Although we cannot rule out effects of
mutations on the proper folding of Glis2, our results suggest
that the PXDLS-like motifs are required for optimal recruit-
ment of CtBP1 by Glis2. In addition, the complex formation of
Glis2 with CtBP1 appears to involve multiple domains in both
proteins and probably involves the recruitment of other nuc-
lear proteins that through their interaction with different
regions of Glis2 and CtBP1, act in synergy to stabilize the
complex.
In summary, in this study we identify CtBP1 as a protein
that is recruited by Glis2. This association is supported by
yeastandmammaliantwo-hybrid,immuno-pulldownanalysis,
and confocal microscopy. In vitro pulldown analysis suggests
that Glis2 and CtBP1 interact directly with each other. We
provide evidence indicating that Glis2 recruits both CtBP1and
HDAC3 into a larger protein complex. Moreover, we show
that CtBP1 is able to repress Glis2(30–148)-mediated tran-
scription activation. Our study suggests that the association
of the co-repressor CtBP1 and HDAC3 with Glis2 is involved
in the repression of transcription by Glis2.
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